In this work, polyvinyl alcohol/nylon6 hybrid nanofiber yarns were produced to achieve good properties of each component. The influence of the twist level in the range of 3000-14,666 tpm and take-up speed in the range of 2.5-8.5 cm/min of yarns on the tensile properties was investigated. The highest strength and elongation at break of yarns were achieved in twist level and take-up speed of about 11,000 tpm (8.13±0.72 cN/tex and 72.44±7.64%) and 6.5 cm/min (6.20±0.57 cN/tex and 70.23±7.95%), respectively. Excessive values over these amounts caused a drastic decrement in tensile properties. This could be due to the loss nanofiber arrangement in the yarn structure that was confirmed by the study of orientation of the nanofibers in the yarns by the SEM images. These yarns have the potential to be used in medical applications such as a non-absorbable suture due to the drug loading ability and bio-compatibility properties of PVA nanofibers.
Introduction
Nanofibers are defined as one dimensional nanomaterials with diameter of < 1000 nm with high surface to volume ratio and aspect ratio. There are several methods to produce nanofibers, but the electrospinning has attracted a lot of interest due to its simple and inexpensive nature. This method is capable of producing various nanofibrous structures such as aligned nanofibers, nanofibers yarns and layers (1) .
Although most of the applications are restricted to the nanofiber layers in the form of scaffolds and membranes such as filtration (2) , sensors (3), nanocomposite (4), wound dressing (5) and enzyme immobilization (6) but fabrication of nanofiber yarns has attracted considerable attention. There are several reviews in the field of nanofiber yarn by Zhou et al. (7), Ali et al. (8) and Shuakat et al. (9) that demonstrate importance of the nanofiber yarns. The yarns composed of nanofibers provide better features such as high surface to volume ratio and high porosity than those made of microfibers. There are many potential applications in the various areas for the nanofiber yarns such as micro-electronics, photonics, antimicrobial textiles, cell culture and tissue scaffolds (10) (11) (12) (13) (14) (15) . Formhals et al. (1940 Formhals et al. ( -1944 reported several patents in the fabrication of continuous nanofibrous yarn for the first time (16) (17) (18) . Smit et al. fabricated PVDF, PVAc and PAN continuous nanofiber yarns with a speed of about 180 m/h using a water reservoir collector (19) . Kim et al. proposed a series of patents for producing continuous filament composed of nanofibers (20) (21) (22) (23) .
Teo et al. used a dynamic liquid support system to produce PVDF-co-HFP nanofiber yarn and studied the effect of solution concentration and solution feed rate on yarn formation (24) . Wang et al. prepared PHBV, PAN, PLLA and PMIA continuous polymer nanofiber yarns by self-bundling electrospinning method. They demonstrated that the conductivity of polymer solution is an important parameter in the production process (25) . Fakhrali et al. using two opposite asymmetric nozzles fabricated core-sheath nanofiber yarns that both of core and sheath portions composed of nanofibers. The tensile strength of the core-sheath and hollow nanofiber yarns obtained 59.60±9.32 and 83.90±16.88 MPa, respectively (26) . Pan et al. introduced a modified electrospinning setup in which fibers orientation increased with increase in take-up velocity (27) .
Ali et al. and Su et al. fabricated nanofiber yarns using funnel and drum collector, respectively. The effect of twist level on the tensile properties of nanofiber yarns was investigated and the optimum twist levels that led to improvement of tensile properties of nanofiber yarns were reported in their methods (28, 29) . In methods of production of nanofiber yarn, the features of nanofiber yarns are different from each other. The two differently charged nozzles method due to remain arrangement of nanofibers in the structure of yarn, ability of producing the continuous twisted nanofiber yarns and hybrid nanofiber yarns has attracted more considerable attention in comparison to other methods. In this method produced nanofibers are joined together by employing an electric field between two nozzles (30) .
One of the important features of nanofiber yarns is mechanical properties. This feature is necessary for various applications and affected from different parameters such as polymer solution parameters, condition and device parameters. The effect of polymer concentration, distance between two spinnerets, delivery rate and solvent type on morphology and tensile properties of nanofiber yarns have been studied by researchers in this method (31) (32) (33) (34) . Also, the tensile properties of the nanofiber yarns affected from the number of components in the yarn structure. Take up speed and twist level are two variables device parameters in the two differently charged nozzles method which play an important role in the improving the tensile properties. Musavi et al. studied wicking phenomenon in PAN nanofiber yarn. By increasing the twist level, the capillary rise rate coefficient reduced due to the reduction of continuity and size of capillaries (35) .
Also, Hajiani et al. studied the effect of twist rate on the geometry of the electrospinning triangle (E-triangle which is the area between a neutral cylindrical surface and yarn convergence point, see Figure 1 ) and tensile properties of PA66 nanofiber yarns. Their results demonstrated that by increasing the twist rate, the strength and elongation at break of yarns improved considerably. However, optimum range of twist rate for improvement of tensile properties was not reported in this study (36) .
According to previous studies on the tensile properties of nanofiber yarns, optimum values of twist level and take up speed not reported in this method. Also, although some researches fabricated of PVA and PA6 nanofibers mats, but there is no report on produce of PVA/PA6 hybrid nanofiber yarns. Producing hybrid materials with different polymers for fabrication the nanofiber yarns is a widely practiced method to achieve good properties of the components and to increase variety of products that cannot be realized with one component alone. In this study the PVA was selected as main component due to drug loading ability, biodegradable and biocompatible properties which has the potential to be used in medical applications such as sutures. Also, the PA6 component was used to increase the strength of the PVA nanofiber yarn. So, this work were divided into four parts: 1) Produce PVA/PA6 hybrid nanofiber yarn for use of advantages of each components with different blend ratio, which can be used as a non-absorbable suture, 2) Study on the influence of take up speed on the morphology and tensile properties of yarns, 3) Investigation on the effect of super high twist level (3000-14,666) on the morphology and tensile properties of these yarns and 4) Analysis of the orientation of nanofibers in the structure of hybrid nanofiber yarns to confirm the results of measurement of tensile properties of the samples. Finally, the optimum values of both take up speed and twist level to improvement of tensile properties of nanofiber yarn was reported.
Experimental

Materials
Nylon 6 and Polyvinyl alcohol (PA6, M w = 35,000; PVA, M w = 72,000) were purchased from Sigma-Aldrich (Milwaukee, WI, USA) and Merck, respectively. The distiled water and formic acid (Merck, Darmstadt, Germany) were used as solvent for PVA and PA6, respectively. Then, the PVA and PA6 polymer solutions with concentrations of 6 wt% and 15 wt% were prepared. Solutions were stirred for 4 and 5 h at room condition respectively to provide a homogeneous solution.
Electrospinning setup
The setup for electrospinning to fabrication nanofiber yarn consists of a high-voltage power supply, two syringe pumps (TOP-5300, Japan) and a neutral cylinder (6 and 30 cm diameter and length). The two differently charged nozzles method was used for formation nanofiber yarns (Figure 1 ). Two nozzles were placed in the opposite direction at a distance of 30 cm and the neutral cylinder was located at a distance of 1 cm in the middle line of them. The collector was a rotating drum that was controlled by a stepper motor. A rotating plate was used for twisting the nanofiber yarn controlled by a three-phase motor and inverter. The distance of the needle tips and the center of the take-up twister unit from the ground and the distance between two nozzles center and receiver were selected 19 and 24 cm, respectively.
We produced pure PVA nanofiber yarn and PVA/ PA6 hybrid nanofiber yarn with blend ratios of 16.5/83.5, 33.5/66.5 and 50/50 (w/w). Our aim of producing the hybrid nanofiber yarns was to incorporate the more desirable features of the constituent nanofibers. Results of tensile testing of these yarns showed that by increasing of 16.5% of PA6, breaking strength significantly decreased from 4.69±0.42 to 3.69±0.41 cN/tex. This result is attributed to the higher interaction between nanofibers in the one component system (A) compared to the two component system when lower percentages of B component is used (37) (38) (39) (40) (41) . By increasing of 33.5% of PA6 the breaking strength improved from 3.69±0.41 to 5.02±0.62 cN/tex. Also, by increasing of percentage of PA6 to 50%, breaking strength increased to 5.13±0.41 cN/tex. So, PVA/ PA6 hybrid nanofiber yarn with blend ratio of 50/50 selected as model yarn because we wanted the amount of PVA and PA6 nanofibers in the yarn structure be same to provide the desired features.
For production of PVA/PA6 hybrid nanofiber yarn with blend ratio of 50/50 (w/w), the feeding rates of PVA and PA6 solutions were 0.3125 and 0.125 ml/h, respectively. Also, applied high voltage was 21 kV during electrospinning. Take up speeds (cm/min) and rotational twister rates (rpm) were listed in Table 1 for each sample to fabrication hybrid nanofiber yarn with specific twist levels (tpm).
Twist per meter in this method can be calculated as follow:
Where, TPM and TUP are twist per meter (tpm) and take up speed (m/min), respectively. In this equation "A" is an adjustable number on the twister unit that is called "adjustable twist number" on the device and has a maximum value of 25 in this setup. In fact, A × 17.6 = RPM (rotational twister per minute). 
Characterization
The morphology of the PVA/PA6 hybrid nanofiber yarns was studied by scanning electron microscope (SEM XL30, Philips Inc., Netherlands) after gold sputter coating (Sputter coater SCD 005 by BAL-TEC). The average diameters of nanofibers and nanofibrous yarns were calculated by analysis of 100 nanofibers in the SEM images by ImageJ software (National Institutes of Health, USA). By measuring the angle of 100 nanofibers in direction relative to the horizontal axis of the image, the average angle (alignment direction) and the angular standard deviation (ASD) were calculated using circular statistics (42) . Also, the nanofibers alignment percentage of samples was determined by assuming ±15° deviation from the alignment direction as the critical alignment range.
Tensile tester (Instron 5566, USA) with constant rate of elongation mode (CRE) with a 50 N load-cell was used for measurement of tensile properties of nanofiber yarns at room temperature. The samples were cut into 30 mm length and 5 mm from the top and bottom of yarns were glued on a paper frame with a hollow rectangular space in the middle and then were mounted on the tensile machine. The crosshead speed and gage length were 10 mm/min and 20 mm, respectively. Thirty yarns were tested for hybrid nanofiber samples.
Statistical analysis
The influence of twist level and take-up speed on the mechanical properties of hybrid nanofiber yarns were analyzed by one-way analysis of variance (ANOVA). A value of p < 0.05 was statistically considered significant.
Results and discussions
Morphology of hybrid nanofiber yarns
The SEM images of hybrid nanofiber yarns are demonstrated in Figures 2 and 3 . Both figures show that these yarns are composed of bead free nanofibers (moreover see Figures 5 and 6 ). Also, it can be observed that these yarns have good uniformity in diameters. The average diameter of hybrid nanofiber yarns was listed in the Table 1 .
The produced hybrid nanofiber yarn contains two types of polymers and separation of two components of the hybrid nanofibers assembly from each other was difficult. Therefore, it was very difficult to trace changes in the diameter of each type of nanofiber by increasing of twist level and take up speed. The other difficulty was the difference in the diameters of PVA and PA6 nanofibers. It was impossible to selecting each type of nanofibers in equal numbers for calculating of average diameters in each yarn. For instance, when number of selected PVA nanofibers was more than PA6 nanofibers in the calculation of average diameter, expected to see an overestimation of average diameter of nanofibers within the yarns. The mean diameter of PVA and PA6 nanofibers with electrospinning set up in the current study obtained about 187 nm and below 83 nm, respectively.
The results in the Table 1 show that by increasing the twist level from 3000 to 5000 tpm, diameter of hybrid nanofiber yarns decreased. Further increasing the twist level from 5000 to 7000 and then from 7000 to 9000 tpm led to the yarn diameter decreased 24 and 26.57%, respectively. Also, twist level of 11,000 tpm caused the diameter of yarn to decrease from 290.63±8.02 to 137.30±3.16 micrometer (52.76% reduction).
The decrease of yarn diameter that reported in previous researches (28, (43) (44) (45) ) is attributed to tension build up induced by increasing of twist level. Also, another reason of decrease of yarn diameter is the increase of nanofiber orientation in the yarn axis that reduced gaps between nanofibers and resulted in a more compactness in structure of nanofiber yarns (35, 36) . In Table 1 , diameter of yarns for HNFY 6 and HNFY 7 increased when compared with HNFY 1 sample (5.34% and 29.17%, respectively). The results show that with increasing the twist level from 11,000 to 13,000 tpm and then from 13,000 to 14,666 tpm, the diameter of yarns was drastically increased 122.98 and 173.42%, respectively. This increase in diameter of yarns could be attributed to generated turbulent air flow between take-up twister and neutral cylinder due to use of the very high rotation speed of twister plate. We believed that turbulent air flow may causes transfer of some nanofibers to be joined to the nanofibers yarn body around the take up unit. Therefore, some of nanofibers were coated on the surface of the nanofiber yarn and were not located in the E-triangle.
Also, by increasing the take up speed from 2.5 to 3.5 cm/min the diameter of the yarn was decreased from 220.21±8.27 to 205.21±1.59 micrometer (6.91% which it is not considerable). But when used of take up speed of 4.5 cm/min the diameter of the yarn was decreased 32.23% which is a considerable change. As seen in Table 1 , by further increasing of the take up speed to 5.5 and then 6.5 cm/min, the yarn diameter was drastically deceased 36.58% and 45.12%, respectively. The results of this study are in good agreement with previous works (28) . Unlike HNFY 6 and HNFY 7 samples that had more diameter than HNFY 1 sample, the diameter of yarn in HNFY 13 and HNFY 14 samples was lower than HNFY 8 , but diameter of these samples was increased compared to HNFY 12 sample. Applying tension to hybrid nanofiber yarns during the collecting of them, leads to an increase in the structural orientation of the chains as well as the orientation of nanofibers in the yarn axis direction. The angle between nanofibers and the yarn direction decreased and yarn structures were compacted. Increase in diameter of these yarns is due to use of very high rotation of twister plate. The results revealed that in highest level of twisting, the mean yarn diameter was the highest value. Also, the results of study on the influence of take up speed showed nanofiber yarn with maximum diameter produced in lowest rotational speed of take up roller.
Mechanical properties
Results of tensile testing of hybrid nanofiber yarns are brought in Table 1 . The results demonstrated that by increasing the twist level of the hybrid nanofiber yarns, the strength and elongation at break were increased. Statistical analysis confirmed the result at confidence interval of 95%. Increase of twist level caused an increase in cohesion of nanofibers with together in the nanofiber yarn structure. This led to improve the strength and elongation at break. The results are in good agreement with results reported in a previous work (36, 45, 46) . The increase in both tensile properties has an optimum amount.
It can be observed in the Figure 4A ,B that by increasing the twist level from 3000 to 11,000 tpm, both the strength and elongation at break were improved, but further increasing of the twist level led to decrease of the tensile properties of yarns. Similar results reported by Ali et al. (28) , Zhou et al. (43) and Liu et al. (47) . The maximum and minimum strength are related to HNFY 5 and HNFY 1 samples (8.13±072 and 4.64±0.67 cN/tex, respectively). As seen, the strength and elongation at break of HNFY 7 (with highest twist level) is lower than HNFY 5 sample that has twist level of 11,000 tpm. Also, maximum and minimum elongation at break are related to the HNFY 5 and HNFY 7 samples (72.44±7.64 and 50.70±8.52%, respectively). Increasing of twist level is led to rise in the tension on the nanofiber in the E-triangle which reduced the nanofibers diameter and dimension of electrospinning triangle. This rise in tension and reduction of E-triangle dimensions increased the orientation of nanofibers along the axis of yarn, which eventually led to increasing of the strength and elongation at break of nanofiber yarns. Continues twisted nanofiber strand is build up after electrospinning triangle formation in the center of nozzles and then twisted by rotation of the twister unit around its axis. Consequently, this twisted nanofiber yarn was collected by take up unit. The nanofibers in the width of E-triangle have different angles and tensions depending on their position. Maximum tension was experienced by the nanofibers that were located on the edges of E-triangle.
By increasing the twist level, more tension is applied on the nanofibers in the edges of E-triangle which led to higher compressive force in the radial direction on the nanofibers located in the central zone of yarn. So, the diameter of nanofibers in the yarn structures was reduced. Also, the compressive force causes cohesion of nanofibers with together and resulted improves in tensile properties. Other influencing parameter on the decreasing of nanofiber diameter was decrease of E-triangle dimensions. Tension in the E-triangle increased with increasing of twist level that causes improves in tensile properties of nanofiber yarns (36) .
The results of study on the influence of take up speed on the tensile properties were similar to results of effects of twist level (see Figures 4C,D) . By increasing the take up speed both the strength and elongation at break were improved (28, 43, 45, 46) . Further increasing of take up speed led to decrease of the tensile properties of yarns. The HNFY 12 and HNFY 14 samples had maximum and minimum strength, i.e. 6.20±0.57 and 4.36±0.54 cN/tex, respectively. The strength and elongation at break of HNFY 14 sample with highest take up speed (4.36±0.54 cN/tex and 59.47±5.64%) were lower than HNFY 8 sample with the lowest take up speed (4.61±0.42 cN/tex and 70.23±7.95%). Maximum and minimum elongation at break were related to the HNFY 12 and HNFY 8 samples (70.23±7.95 and 58.29±6.54%, respectively). Statistical analysis confirmed the result at confidence interval of 95%. To study the effect of twist level and take up speed on the nanofibers orientation in the yarn structure, SEM studies were carried out (Figures 5 and 6 ). Nanofibers in these figures are smooth and beadles.
As Figure 5 shows, in the HNFY 1 yarn structures (3000 tpm) the nanofibers unable to straighten enough and presented to be curved in the nanofiber hence limiting the orientation along the axis of the nanofiber yarns. In this case, when the yarn was placed under tensile force, nanofibers in the structure of yarns cannot bear the force uniformly, and showed poor mechanical properties. By increasing of twist level, the orientation of nanofibers was increased (48) . The maximum of nanofiber orientation was observed in the HNFY 5 sample ( Figure 5E ). Nanofibers in the structure of this yarn were under more tension which orientation of nanofibers in the Figure 5E confirmed it.
This tension caused decreasing in the diameter of nanofibers and nanofiber yarn and gap between nanofibers, so the strength and elongation at break were improved.
The tensile properties of the HNFY 6 and HNFY 7 samples were weakened. This was due to deteriorations that occurred in building up of E-triangle accurately. When one end of nanofiber was not connected to neutral cylinder properly, it was not under enough tension during twisting ( Figure 5F ,G). It is deduced that the decrease of tensile properties for HNFY 6 and HNFY 7 was due to the weak orientation of nanofibers in the yarn structure (loosen nanofibers) and lack of required tension in nanofibers.
Also, as Figure 4 has demonstrated, by increasing the take up speed from 2.5 to 6.5 cm/min, both breaking strength and elongation were increased. By increasing take up speed, larger drafting force and draw ratio were obtained, which causes arrangement of nanofiber in the structure of yarns and increases arrangement degree of the nanofibers, and therefore achieved highest breaking stress and elongation at break (27) . Increment of take up speeds more than these values both breaking strength and elongation were rapidly decreased (49) . The reduction of the strength and elongation at break for HNFY 13 and HNFY 14 samples is attributed to weak nanofiber orientation in the yarn structure which can be observed in the Figure 6F , G clearly. Figure 7 shows the effect of twist level and take-up speed on the alignment degree and angular standard deviation. A smaller value of angular standard deviation represents a greater alignment of the nanofibers in the samples. It can be observed that with the increase in the twist level and the take-up speed, the angular standard deviation decreased while the alignment degree increased, which was indicating that the nanofibers alignment increased accordingly. With further increase of the twist level and take-up speed (up to 11,000 tpm and 6.5 cm/min, respectively) the nanofibers alignment was decreased. This is attributed to the applying of the very high rotational speed of twister unit that resulted in formation of turbulent air flow around it. These results were confirmed by the trend of tensile behavior of nanofiber yarns.
Conclusion
In this work, PVA/PA6 hybrid nanofiber yarn was produced and influence of take up speed and twist level on the diameter of yarns, tensile properties and arrangement of nanofibers in the yarn structure was studied. Results demonstrated that by increasing of twist level and take up speed until 11,000 tpm and 6.5 cm/min, diameter of nanofiber yarns was decreased. Afterwards, when the value of twist level and take up speed was increased, diameter of nanofiber yarn was increased. By increasing of twist level and take up speed, the strength and elongation at break was improved in hybrid yarn. This improvement was due to decrease of nanofiber diameter, increase of tension on the nanofibers in the E-triangle, compaction the structure of yarns and increase of the alignment degree of nanofibers in the yarn structure. This ascending trend of both breaking strength and elongation properties observed until 11,000 tpm of twist level and 6.5 cm/min of take up speed. By further increasing of the twist level and take up speed, considerable weakening in tensile properties happened. This weakening in tensile properties was attributed to the loss arrangement of nanofibers in the yarn structure and lack of required tension on the nanofibers which was due to the formation of turbulent air flow around the nanofiber yarn formation zone between neutral cylinder and take-up twister unit. Therefore, loss of arrangement of nanofibers in the yarn structures when started that used the very high rotation speed of twister plate (up to 330 rpm). These yarns can be in medical fields as a non-absorbable suture.
